High-pressure liquid chromatography of a muramidase digest of murein sacculi from Caulobacter crescentus showed that the absence of D-alanine carboxypeptidase activity in the cells was reflected by a very high content of pentapeptide in the murein. Approximately half of the pentapeptide side chains were shown to contain glycine, which replaced D-alanine as the terminal amino acid.
The prosthecate bacterium Caulobacter crescentus is an attractive procaryotic model organism for the study of differentiation since it is characterized by dimorphism of cell types that occur in a defined sequence in the cell cycle. A stalked cell elongates to become a predivisional cell with a flagellum and stalk at the opposite poles. Asymmetric division then gives rise to a new stalked bacterium and a motile flagellated swarmer. The new stalked cell then enters a new round of elongation and division, whereas the swarmer has first to differentiate into a stalked bacterium (16, 17) .
The shape of a bacterial cell is assumed to be maintained by the murein sacculus which encloses it. In several cases, changes in the morphology of a bacterial cell have been shown to be correlated with a modulation of activity of murein hydrolases, changes in the composition of penicillin-binding proteins, or alterations in the structure of the murein (6, 12, 21) . Murein sacculi prepared from C. crescentus retain the characteristic shapes of the parental cells, and the presence of murein in the stalk is also reflected by stalked sacculi (9, 18) .
The primary structure of C. crescentus murein has been described as a typical gram-negative Al type according to the classification of Schleifer and Kandler (7, 9, 22) , and earlier observations on the absence of diaminopimelic acid in the murein of swarmer cells (9) have not been corroborated (1, 18, 19) . Recently, a certain modification of the primary structure of C.
crescentus murein which may be involved in morphogenesis of the stalk and possibly also in pole formation during cell division has been described previously (19) . Since the dimorphism of cell types in C. crescentus is determined by the shape of the sacculus, it seems reasonable to ask whether besides the unknown effectors responsible for defining specific shape, there are any structural factors in the murein itself allowing for greater "plasticity" (4) of this macromolecule. In the present study, the nature of the soluble products released from the murein of C. crescentus by endo-N-acetylmuramidase from Chalaropsis species (10) has been analyzed. Our findings indicate that the composition of C. crescentus murein subunits strongly differs in some respects from that of other Al type mureins, for instance in Escherichia coli.
MATERIALS AND METHODS
Bacterial strains and growth conditions. C. crescentus CB15 (ATCC 19089) was kindly provided by L. Shapiro, Albert Einstein College of Medicine, New York. Cultures were grown with shaking at 30°C in peptone-yeast extract medium supplemented with vitamin-free Hutner base (16) or in minimal medium supplemented with glucose, iron, calcium, and magnesium as described by Ely and Johnson (5).
Preparation of murein sacculi. Murein sacculi were prepared from an unsegregated population of C. crescentus cells as follows. Cells were harvested by centrifugation, washed once in distilled water, and suspended after recentrifugation in distilled water to obtain 1 mg (wet weight) per ml. The suspension was slowly added to an equal volume of 8% sodium dodecyl sulfate at 95°C with constant stirring and then was heated with stirring for another 30 min. The mixture was centrifuged for 30 min at 100,000 x g, and the pellet was washed five times in distilled water. Further steps involving trypsin and DNase treatment of the sacculi and extraction of poly-,3-hydroxybutyrate granules were essentially as described by Poindexter and Hagenzieker (19) , except that trypsin digestion was preceded by incubation of the sacculi for 4 h with a-amylase from Bacillus subtilis (100 ,ug ml-).
[3H]diaminopimelic acid-labeled sacculi were obtained from cultures grown for three generations in peptoneyeast extract medium supplemented with 6 The sample was then treated with an equal volume of 10 mM dansyl chloride dissolved in water-free acetone and incubated for approximately 2 h at 37°C until the disappearance of the yellow color of the dansyl chloride. The pH of the sample was then adjusted with acetic acid to 4.0 before analysis by high-pressure liquid chromatography (HPLC) on a Micro-Bondapak C18 column (300 by 3.9 mm) (unpublished data).
Enzymatic digestion of murein sacculi and analysis of soluble products. Purified sacculi from C. crescentus in distilled water (2 mg ml-') were mixed with an equal volume of 20 mM ammonium acetate buffer (pH 5.0). To 200 ,ul of this suspension was added 25 ,ul of endo-N,O,diacetylmuramidase from Chalaropsis species (1 mg ml-') isolated according to Hash and Rothlauf (10) and purified to apparent homogeneity by HPLC. Incubation was for 16 h at 37°C in the presence of 0.02% sodium azide. The reaction was stopped by boiling (2 min), and the mixture was centrifuged for 5 min at 12,000 x g. The supernatant was taken for analysis. In the case of [3H]diaminopimelic acid-labeled murein, the soluble products were separated by paper chromatography in a solvent system of butanol-acetic acidwater (4:1:5, upper phase; solvent system I).
For HPLC analysis, digestion was in 10 mM potassium phosphate buffer (pH 4.9). After 16 h at 37°C, the mixture was passed through a 0.22-p.m Millipore filter, and the filtrate was boiled for 2 min. Protein was removed by centrifugation, and the supernatant was filtered again as described above. The composition of the muropeptides released by enzymatic digestion was examined by HPLC on a Lichrosorb RP18 column (250 by 4 mm) as described in detail previously (8) .
Assay for pentapeptide-carrying murein subunits. The pentapeptide content in the murein of C. crescentus was determined with the vancomycin binding technique, followed by separation of the vancomycinbound components by paper chromatography in solvent system I as described by De Pedro and Schwarz (3). Pentapeptide content was also determined by HPLC separation of the muropeptides. 6.2 to 8.8 were used. The reaction was stopped by boiling, and alanine was separated from UDP-N-acetylmuramyl tetrapeptide by ascending paper chromatography in a solvent system of isobutyric acid-I M ammonia (5:3; solvent system II). One unit of DDcarboxypeptidase is defined as the amount of enzyme that will release 1 pmol of D-["4Calanine from the substrate in 30 min at 30°C. In experiments in which pure unlabeled pentapeptide-carrying muropeptides isolated from the murein of C. crescentus were incubated with DD-carboxypeptidase from E. coli (PBP5, kindly given by W. Kraus, Tubingen), the products were separated from substrate by HPLC on a Lichrosorb RP18 column (125 by 4.6 mm). LD-Carboxypeptidase activity was assayed with [3H]diaminopimelic acid-labeled lactyl tetrapeptide. The substrate was obtained by beta elimination of [3H]diaminopimelic acid-labeled N-acetymuramyl tetrapeptide (24) purified after chromatographic separation of the soluble products of a lysozyme digest of labeled E. coli murein. A typical reaction mixture contained 2.6 nmol (25 x 103 cpm) of [3H]diaminopimelic acid-labeled lactyl tetrapeptide and soluble or membrane-bound enzyme in buffer. As for the assay of DD-carboxypeptidase activity, different pH values, salt concentrations, etc., were employed. The reaction was terminated by boiling, and lactyl tetrapeptide and lactyl tripeptide were separated by paper chromatography (SS-2040b) in solvent system I. The position of the labeled compounds on the paper was determined with the use of a Birchover spark chamber, and the radioactive spots were cut out and counted.
Other methods. Protein determinations were made according to Lowry et al. (11) with bovine serum albumin as a standard. Radioactivity on paper was determined in a toluene-based scintillation fluid (2).
RESULTS
Enzyme activity assays. A survey for mureinhydrolyzing enzymes in C. crescentus CB15 revealed several activities resembling those described for E. coli and many other bacterial species. These activities included an endopeptidase, amidase, and transglycosylase (Z. Markiewicz, unpublished data). However, no DDcarboxypeptidase or LD-carboxypeptidase activity could be detected in either the soluble or membrane fractions from C. crescentus. The main substrate used in the search for DD-carboxypeptidase was UDP-N-acetymuramyl pentapeptide labeled in the terminal D-alanine, though several other D-ala-D-ala carrying substrates were used with similar negative results. LD-Carboxypeptidase activity was tested against the substrate lactyl tetrapeptide. Naturally, the lack of detectable carboxypeptidase activity in Caulobacter cannot be taken to mean the absence of such activity in this bacterium. However, the presence or absence of carboxypeptidases should be reflected in the primary structure of the murein; this is what we found.
Enzymatic digestion of murein and assay for pentapeptide. Murein sacculi from C. crescentus were digested with muramidase from Chalaropsis species. The soluble products were separated by paper chromatography; a typical separation of the 3H products released from murein labeled with diaminopimelic acid is shown in Fig. 1 . The chromatographic profile closely resembles the pattern obtained for a lysozyme or muramidase digest of murein sacculi from E. coli, and the major spots on the chromatogram were tentatively designated C3, C4, CS, and C6 as suggested for the muropeptides of E. coli by Primosigh et al. (20) . However, an assay for vancomycin binding material in these four major spots revealed a very high pentapeptide content in each, varying from 40 to over 70%. This chromatographic pattern indicated not only an unusually high amount of pentapeptide but also the presence of pentapeptide subunits with novel composition. This problem was further resolved by HPLC analysis.
Presence of glycine in C. crescentus murein. Amino acid analysis of murein from C. crescentus grown under various conditions always reveals the presence of glycine (Fig. 2) . This has also been observed by Agabian and Unger (1), who explained the presence of glycine by peptides contaminating the murein sacculi. The molar ratio of glycine to diaminopimelic acid in the murein of C. crescentus cells grown in peptoneyeast extract medium is approximately 1 to 5 ( Table 1) . To learn whether glycine is a component of Caulobacter murein, we analyzed the products of murein digestion with HPLC.
HPLC analysis of murein digest. A muramidase digest of C. crescentus murein sacculi obtained from cells grown in peptone-yeast extract medium was analyzed by HPLC, and the results of a typical separation are shown in Fig.  3 . Since the retention times for the individual muropeptides under the same conditions of a run are highly reproducible, the retention times for the muropeptides obtained from the murein of C. crescentus could be tentatively compared with those for previously characterized muropeptides from E. coli (8) . nine-containing pentapeptides were more or less equal. Both types of disaccharide pentapeptides obtained in pure form after HPLC separation were subjected to paper chromatography in solvent system I (see above) and were found to be separated, since the muropeptide containing glycine migrated more slowly than its counterpart with alanine (Fig. 4) . This result explains the presence of vancomycin binding material (pentapeptide) on paper chromatograms in spots assumed to be disaccharide tripeptide, whose amount, as mentioned above, was found to be negligible.
Position of glycine in peptide side chain. Glycine was found almost exclusively in the muropeptides carrying pentapeptide side chains. This in itself indicated that glycine could be the terminal amino acid of the pentapeptide. To test this assumption, the following experiment was designed. Glycine-containing disaccharide pentapeptide isolated from murein of C. crescentus was treated with DD-carboxypeptidase from E. coli, and the substrate and products were separated by HPLC. Since the retention times of the glycine-containing disaccharide pentapeptide and of the glycine-free disaccharide tetrapeptide (C6) are known, the occurrence of a disaccha- ride tetrapeptide with glycine should be represented by a peak with a different retention time. The results (Fig. 5) show that removal of the terminal amino acid by DD-carboxypeptidase resulted in a product with the retention time of N-acetylmuramyl-L-ala-D-glu-m-dpm-D-ala. A similar experiment was performed for the bisdisaccharide with additional glycine, and in this case, the product of DD-carboxypeptidase digestion was a typical C3 structure (data not shown). These results prove that glycine occupies the terminal position in the side chains of the pentapeptide-carrying muropeptides of C. crescentus.
DISCUSSION
The data presented in this paper indicate that our inability to detect either LD-carboxypeptidase or DD-carboxypeptidase activity in cells of C. crescentus as measured by the release of terminal D-alanine from the natural peptide substrates lactyl tetrapeptide and UDP-N-acetylmuramyl pentapeptide is reflected in the primary structure of the murein of this bacterium. The content of disaccharide tripeptide in the murein of C. crescentus is very low (approximately 0.1% of all muropeptides), particularly when compared with the disaccharide tripeptide content of E. coli, which has LD-carboxypeptidase activity and essentially the same type of murein as C. crescentus (2, 22 (1, 19) . Glycine has similarly been proved to be a true component of the murein of E. coli (8) . The pentapeptide content of C. crescentus murein is far in excess of that observed for E. coli, in which pentapeptide-carrying muropeptides account for less than 1% of all muropeptides. However, 44% of the monomeric subunits comprising the murein of C. crescentus have tetrapeptide side chains (C6), which may reflect the action of a DD-carboxypeptidase which is cryptic under the assay conditions employed and active only in vivo. On the other hand, it is also possible that the tetrapeptide side (12) since every pentapeptide side chain may potentially function as both a donor and an acceptor in transpeptidation; truncated peptide side chains can serve as either a donor or an acceptor, the one excluding the other. Such plasticity may be of particular importance in C. crescentus, which undergoes a cell cycle embracing two morphologically distinct cell types and in which elongation and construction are accompanied by the formation of a distinct appendage, i.e., a stalk. Another gram-negative organism in which no DD-carboxypeptidase activity was measured by the release of D-alanine from UDP-N-acetylmuramyl pentapeptide is Thermus sp., which lives in extreme environments in which it occurs in the form of both rods and filaments (14) .
The isolation from E. coli of various mutants grossly deficient in carboxypeptidase activity seems to imply that this bacterium has no requirement for the enzyme in normal growth (13, 15, 23) . However, because in the case of E. coli all known mutants still possess some residual activity, it is difficult to say whether DD-carboxypeptidase is, in fact, indispensable for E. coli as our results indicate for C. crescentus. Overproduction of DD-carboxypeptidase in E. coli has been shown to result in spherical cells, or, at higher levels of enzyme activity, in cell death (12) . Attempts are currently being made to introduce the dacA gene of E. coli into C. crescentus and to see whether the expression of DD-carboxypeptidase activity in this bacterium affects its cell cycle.
The results presented in this paper show that the use of HPLC for the analysis of the soluble products of a murein digest allows very good separation of the individual muropeptides and consequently gives new insights into the structure of murein. It should be mentioned that we did not detect the disaccharide peptides composed of either two muramic acid or two glucosamine residues whose occurrence has been suggested by Poindexter and Hagenzieker (19) . However, it should be stressed that not all of the minor muropeptides obtained after HPLC separation were analyzed with respect to their sugar content.
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